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The domestic horse has played an important role in human history and serves 
as a valuable model organism for genetic studies. Generations of selective breeding 
have created several key population and genomic advantages for study. The 
completion of the horse reference genome sequence in 2009 further strengthened the 
utility of the horse as a genetic model. However, in order to continue deriving the 
maximum benefit from research, it is vital to incorporate novel genomic technologies. 
We applied three such methodologies in the following projects.
Chromosomal aberrations can lead to congenital abnormalities, embryonic 
loss, and infertility. Detection of small deviations - such as aneuploidy in the 
acrocentric chromosomes, mosaicisms, or partial chromosomal structural variation - 
can be difficult with typical cytogenetics techniques. The Illumina Equine SNP50 
BeadChip was utilized for molecular karyotyping, assessing copy number variation at 
fifty thousand loci simultaneously throughout the genome. This method successfully 
diagnosed aberrations in three cases where the traditional FISH was not possible.
Laminitis is a devastating disease of the hoof that is the second leading cause 
of both lameness and euthanasia in the horse. The etiology is poorly understood, and 
published research has focused on a small number of known gene targets. Due to the 
poor quality of current equine gene annotation, RNA-seq of lamellar tissue was 
undertaken to provide a more robust set of targets. De novo transcriptome assembly 
generated a valuable gene annotation resource for the future study of laminitis.
Leopard complex spotting is a unique collection of pigmentation patterns in 
which a single autosomal allele (LP) allows for the expression of other modifying loci. 
RNA-seq was used to supplement typical gene mapping approaches for characterizing 
PATN1, a major effect modifier of LP. A targeted set of variants was produced for fine-
mapping a 16 Mbp region associated with the phenotype. These genotypes identified a 
SNP in the 3'UTR of RFWD3 that may be utilized by horse breeders for the 
identification of non-LP horses that carry PATN1.
These three projects demonstrate the benefit of next-generation technologies. 
High-throughput methods facilitate rapid high-resolution evaluation of the entire 
genome, providing a comprehensive tool for future research.
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CHAPTER 1
INTRODUCTION
The horse has played a vital role in human history, assisting in the spread of 
culture and exploration of new lands (Anthony 2010). Although generally no longer 
required as a work animal, the domestic horse can serve as an important model system 
for genetics research. There are more than 200 hereditary equine conditions reported 
in the scientific literature, many of which display high similarity to human diseases 
(OMIA, Chowdhary et al. 2008). The mating systems used in modern breeds have also 
led to several beneficial genome features. Many haplotypes are shared across breeds 
and display fairly moderate linkage disequilibrium, providing a genetic landscape 
more similar to humans than that of dogs or mice (Wade et al. 2009). Similarly, the 
horse genome (comprised of 31 pairs of autosomes and the sex chromosomes) is 
highly syntenic with the human genome, with the majority of equine chromosomes 
corresponding to sections from just one or two human chromosomes (Yang et al. 
2004). Finally, there is an active community of researchers dedicated to furthering 
equine genetics and a thriving industry ready to capitalize on associated discoveries. 
Initially, equine genetic research was conducted primarily in individual 
laboratories, each focused on mapping single chromosomes. In 1995, a collaborative 
genome project was officially formed in order to develop a complete genetic map 
(Guérin et al. 1999).  A variety of maps have been constructed and updated since then, 
including BAC contig, cytogenetic, linkage, radiation hybrid (RH), and Y 
chromosome maps, as well as comparative maps to other species (reviewed in 
Chowdhary and Raudsepp 2008). One of the latest maps to be produced integrated 
markers from all of the previous types, resulting in a set of 4,103 genome-wide 
markers (Raudsepp et al. 2008). The integrated map included 3,816 RH and 1,144 
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FISH markers, as well as 920 linkage and 1,904 comparative markers, yielding an 
average spacing of 775 kbp. Even as newer tools have been developed (as described 
below), this resource is still in common use today. 
Genetic mapping involves the statistical testing of the correlation between a 
phenotype and polymorphic markers, either through linkage (within families) or 
association (among unrelated individuals). Historically, microsatellites have been the 
markers of choice largely due to their multiallelic nature (Gulcher 2012). Unlike single 
nucleotide polymorphisms (SNPs, which usually only have two alleles at a given loci), 
microsatellites have a higher information content from genotyping. As the mutation 
rate is higher for microsatellites, including these markers creates more haplotype 
diversity and shorter blocks of linkage disequilibrium, improving map resolution. 
However, while SNP genotyping can easily be multiplexed on large arrays to examine 
hundreds of thousands of loci at once, microsatellite genotyping is more difficult to 
perform, and even so-called high-density scans are still on the order of hundreds to 
thousands of markers. 
Despite this, several fairly recent horse studies have incorporated microsatellite 
data, even using these markers alongside the newer equine SNP genotyping arrays 
(Andersson et al. 2011, Brault et al. 2011, Fox-Clipsham et al. 2011, Shakhsi-Niaei et  
al. 2011). In Chapter Four, targeted microsatellite linkage mapping was used to 
localize our phenotype of interest on ECA3, which bypassed the need for the more 
expensive genome-wide SNP chip. In addition to genetic mapping, the high allelic 
variability makes these markers ideal for population genetics studies and parentage 
verification, ensuring the use of microsatellites for years to come (Gulcher 2012, 
Bowling et al. 1997). 
The integrated marker map is also applied in detecting chromosome structure 
through karyotyping and fluorescent in situ hybridization (FISH). In terms of 
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hereditary phenotypes, the horse is fairly unique in that a large paracentric 
chromosomal inversion is responsible for a white spotting pattern, without any 
apparent reduction in fitness or fertility (Brooks et al. 2007). Though a PCR-based test 
has since been developed for the purpose of genotyping, the inversion was initially 
characterized using FISH. Yet similar as to in humans, most known chromosomal 
abnormalities in the horse present as sub- or infertility, or as congenital morphological 
defects in foals (Lear and Bailey 2008). The majority of cytogenetics analysis in 
domestic animals is currently utilized for diagnostics in clinical cases (Ducos et al. 
2008). Chromosome banding patterns are often insufficient to detect chromosomal 
translocations or to differentiate the smaller acrocentric chromosomes, though FISH 
can resolve these structures using markers from the physical map and reference 
genome. However, in Chapter Two an alternate cytogenetics technique is presented, in 
which the genotyping array was used to detect chromosomal aberrations where 
traditional cytogenetic techniques were not practical.
The Broad Institute completed assembly of the equine genome sequence 
(EquCab2) in 2009. EquCab2 is a high-quality assembly comprised of whole genome 
shotgun Sanger reads to approximately a 6.8x depth of coverage. Assembly yielded a 
N50 size (value at which 50% of assembled sequences are greater than or equal to) of 
112 kbp for contigs and 46 Mbp for scaffolds (Wade et al. 2009). Over 95% of 
assembled sequences matched to the existing physical map. Along with the reference 
animal, a Thoroughbred named Twilight, an additional seven individual horses from 
diverse breeds were sequenced at low coverage in order to produce a database of 
genetic polymorphisms. The identified SNPs were used in the design of a 50K marker 
Illumina Equine SNP50 BeadChip (mentioned above as the genotyping array), which 
was developed and released in 2008 (McCue et al. 2012). After the SNP50 was 
discontinued, a 70K Illumina array (Equine SNP70) was produced, and design of an 
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Affymetrix 685K array is currently underway. SNP array technology has proven useful 
in the study of genetics of disease and performance in the horse and will likely 
continue to have a place in future research (Brooks and Bailey 2013).
While the genome assembly is high-quality, it is not perfect. At the time of 
publication, there were 9,604 contigs that could not be placed (N50 = 52,972), 
accounting for 93 Mbp of sequence or 5% of the genome (“chromosome unknown,” 
chrUn). However, beyond the known problematic chrUn, a study examining linkage 
between markers on the initial genotyping array identified potential regions of mis-
assembly (Corbin et al. 2012). In two cases, clusters of SNPs were identified that had 
no linkage to their reported neighbors, but instead were closely associated to markers 
on a different chromosome. Furthermore, 39 SNPs were closely linked with markers 
over 10 Mbp away. Some of these discordant placements may represent genuine 
structural variations between mapped breeds and the reference animal. However, most 
are likely erroneous placements during computational assembly. Additional 
sequencing and mapping by FISH is needed to verify the assembly in certain regions 
of the reference genome. 
In addition to sequence errors, gene annotation is also problematic. Currently, 
most gene data is derived from computational predictions and cross-species 
annotation. One study was able to identify 227 expressed protein-coding genes that 
had annotation in other species, but were completely absent from the equine gene set 
(MacLeod et al. 2013). The equine genomics community is currently involved in the 
creation of a third version of the assembly, using advanced sequencing technologies to 
improve the current sequence and provide sufficient data for a more robust gene 
annotation set (Kalbfleisch et al. 2014).
A reference genome assembly also enables study of another important source 
of variation: copy number variants (CNVs). CNVs are segments of the genome that 
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have been lost or duplicated in certain individuals. Though many phenotypes have 
been linked to CNVs in domestic animals, so far only the grey coat color has been 
described in the horse (Clop et al. 2012, Rosengren-Pielberg et al. 2008). However, 
once the CNV content of the genome is better characterized, it is likely that additional 
phenotypes will be attributed to this type of polymorphism. 
Equine Illumina genotyping arrays identified CNVs in two separate studies 
(Dupuis et al. 2013, Metzger et al. 2013). A similar method was also used in Chapter 
Two of this dissertation to detect a large scale CNV. However, while the planned 600K 
Affymetrix array is a vast improvement in the number of genotyped markers, it does 
not have the ability to assess DNA quantity. Two custom comparative genomic 
hybridization arrays exist for this purpose, though so far no association studies have 
utilized them (Doan et al. 2012a, Wang et al. 2014). A third method for detecting 
CNVs is through whole genome re-sequencing and quantification of the resulting read 
depth. This method was recently applied in a short-read resequenced genome from a 
Quarter Horse (Doan et al. 2012b). Next-generation sequencing technologies such as 
this may be the method of choice for future studies.
The resequencing of the Quarter Horse genome represented an important 
milestone in equine genomics. The initial horse genome project was the result of years 
of planning, months of sequencing, a large effort of many research groups, and at a 
cost of approximately 25 million dollars. However, with the advent of so-called next 
generation sequencing, researchers gained the ability to generate sufficient data to 
sequence a genome less than a week with costs more in the range of thousands of 
dollars. A review of the advances of technologies and details of each is presented by 
Liu et al. 2012. The methods most relevant to this dissertation are Sanger and Illumina 
sequencing. Developed in 1877, Sanger sequencing, also known as first generation 
sequencing, involves chain termination chemistry on a sample of many random length 
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DNA fragments followed by capillary sequencing and fluorescence detection. This 
allows for single base resolution at high confidence for long sequences (up to 1,000 
bases), but at high expense and long run times. This technology was used for the initial 
horse reference genome assembly, and is the method utilized in Chapters Three and 
Four for validation of reported sequences. 
The next generation of sequencers were developed in the mid-2000s, with the 
Illumina system released in 2006. Now one of the most popular methods, Illumina 
sequencing involves a random sheering of DNA fragments followed by clonal 
amplification to form a library. Fluorescence detection during step-by-step DNA 
synthesis identifies which base is incorporated at each cycle for millions of molecules 
simultaneously. This technology produces much shorter sequences than Sanger (25 to 
250 bases) with a higher error rate (around 2%), but has the ability to produce 
hundreds of billions of bases in a week long run. Due to the high depth of coverage 
produced, the impact of the error rate is easily reduced. Illumina sequencing is 
currently one of the cheapest of sequencing technologies, recently boasting the ability 
to generate an entire human genome for less than $1,000 USD with the HiSeq X Ten. 
One application of next-generation sequencing is whole transcriptome 
sequencing (RNA-seq). As the name indicates, total RNA is subjected to shotgun 
sequencing methods, which produces a measure of the transcriptome without the need 
for prior knowledge of sequences. This is especially ideal for situations where 
annotation is not available, whether it be for assessing differential expression in a 
novel tissue type, or for expression or variant discovery studies in non-model 
organisms. For analysis, there are generally two methods to handle RNA-seq data 
(Martin and Wang 2011). The first option is to map sequences to a reference genome, 
which is computationally efficient and highly sensitive. However, as this method is 
limited by the quality and availability of the reference genome, it may not be ideal for 
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all species, and may not accurately detect exon splicing. Alternatively, the sequencing 
reads can be de novo assembled into transcripts representing the original mRNAs, 
which avoids the problems of the reference-based approach. Nevertheless, de novo 
assembly is not without its own issues. The repetitive nature of mammalian genomes 
often leads to shorter sequences being assembled incorrectly, and the algorithms to 
perform these assemblies require significant computing power. These two methods can 
also be combined, leveraging the advantages of both methods to provide a more 
complete view of the transcriptome. In Chapter Three, de novo assembly is performed 
in a specialized equine tissue, with reference-based approaches used to generate 
variant calls and gene annotation for the current EquCab2 reference genome. RNA-seq 
also appears in Chapter Four, first to generate variants to create fine-mapping panels, 
but also utilizing the de novo assembly from Chapter Three to further analyze 
candidate genes.
RNA-seq was used previously to successfully map leopard complex spotting 
(LP, Bellone et al. 2013). This coat color, reviewed in Chapter Four, had been mapped 
to ECA1 using microsatellites and associated with reduced expression of TRPM1, but 
sequencing failed to identify a causative mutation. Three strongly associated SNPs 
were identified within introns, so transcriptome sequencing was attempted in order to 
determine if these SNPs fell within novel expressed or coding regions. While the 
regions containing these SNPs were not expressed, a region of abnormal intronic 
expression was observed, and further molecular work identified a retroviral insertion 
with perfect association to LP. This insertion results in premature polyadenylation of 
TRPM1, suggesting it was the causative variant. Chapter Four presents the 
continuation of this work, applying a similar methodology to mapping a major 
modifier of the LP phenotype.
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As overviewed above, incorporation of emerging analyses and technologies is 
vital for the future of equine genomics. The studies in this dissertation thus help move 
the field forward, providing important tools for the future.
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ABSTRACT
Chromosomal aberrations in many species, including the horse, are known to 
cause congenital abnormalities, embryonic loss, and infertility. While diagnosed 
mainly by karyotyping and FISH in the horse, the use of SNP array comparative 
genome hybridization (SNP-CGH) is becoming increasingly common in human 
diagnostics. Normalized probe intensities and allelic ratios detect changes in copy 
number genome-wide. Two horses with suspected chromosomal abnormalities and six 
horses with FISH-confirmed aberrant karyotypes were chosen for genotyping on the 
Equine SNP50 array (Illumina, Inc). Karyotyping of the first horse indicated 
mosaicism for an additional small, acrocentric chromosome, although the identity of 
the chromosome was unclear. The second case displayed a similar phenotype to 
human disease caused by a gene deletion, and so was chosen for SNP-CGH due to the 
ability to detect changes at higher resolutions than those achieved with conventional 
karyotyping. The results of SNP-CGH analysis for the six horses with known 
chromosomal aberrations agreed completely with previous karyotype and FISH 
analysis. The first undiagnosed case showed a pattern of altered allelic ratios without a 
noticeable shift in overall intensity for chromosome 27, consistent with a mosaic 
trisomy. The second case displayed a more drastic change in both values for 
chromosome 30, consistent with a complete trisomy. These results indicate that SNP-
CGH is a viable method for detection of chromosomal aneuploidies in the horse. 
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INTRODUCTION
Chromosomal aberrations in the horse are known to cause congenital 
abnormalities, embryonic loss, and infertility (Lear and Bailey 2008). Cases are 
routinely diagnosed using chromosome banding techniques and fluorescent in situ 
hybridization (FISH). However, these techniques tend to be time consuming and 
require cultured cells. In human clinical diagnostics, the use of SNP array comparative 
genome hybridization (SNP-CGH) to obtain high resolution copy number estimates is 
gaining in popularity (Faas et al. 2012, Srebniak et al. 2012). 
SNP-CGH is a robust analysis that uses fluorescence intensity values and 
allelic ratios from genotyping arrays to obtain high-resolution copy number estimates. 
Although resolution is dependent on the depth of markers available on the chip, even 
smaller scale arrays offer much higher resolution than other methods. It has the ability 
to detect amplifications, deletions, duplications, and copy-neutral loss of 
heterozygosity (Peiffer et al. 2006). Additionally, SNP-CGH is able to detect 
chimerism and mosaicism with around 5-20% abnormal cells in a sample (Conlin et  
al. 2010). Genotypes can be obtained from 50 ng of DNA without the need to culture 
cells (Srebiak et al. 2012).
The Equine SNP50 BeadChip uses Illumina Infinium II chemistry to genotype 
54,602 loci throughout the genome with an average spacing of 43.1 kb. Cluster files 
indicating expected intensities were obtained from a training set of 354 horses 
representing 14 breeds (McCue et al. 2012). These cluster files are used to infer 
genotypes and as a comparison for SNP-CGH.
Two horses with suspected chromosomal aberrations were selected for SNP-
CGH analysis. Both horses were admitted to a referral hospital due to congenital 
physiological abnormalities. As a proof of concept, six additional horses that had 
previously been karyotyped with FISH were included as well.
17
MATERIALS AND METHODS
Sample collection and case histories
Case one was a six month old Friesian filly with congenital skeletal 
abnormalities, failure to thrive, a brindle haircoat pattern, and abnormal external 
genitalia (Figure 2.1). A sample of blood along with a skin biopsy from the brindled 
region were submitted for genetic screening. At two years of age, the filly was 
euthanized and additional samples of skin and ovarian tissue were collected. 
Case two was a four year old Welsh Pony colt with a ventricular septal defect, 
pulmonary artery hypoplasia, scoliosis, and a facial deformity. Due to phenotypic 
similarities to human DiGeorge syndrome, characterized by a large chromosomal 
deletion, blood was submitted for genetic testing.
An additional six horses with FISH-confirmed aberrant karyotypes were 
selected for SNP-CGH analysis to be used as controls. There were three 63,XO 
samples, one 65,XX+31 sample, one 65,XY+31 sample, and one 64,XX,t(1;21) 
sample (Table 2.1). 
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Cell culture and FISH
Whole blood from case one was collected in sodium heparin and cultured as 
described previously (Lear et al., 1999). Briefly, lymphocytes were cultured in RPMI-
1640, supplemented with 10% fetal bovine serum, L-glutamine, antibiotic-
antimycotic, phorbol/lectin or lectin (all Invitrogen). After 70 hours of culture, the 
cells were treated for 25 minutes in colcemid followed by 25 minutes in 0.067 M 
KCL. After a prefix with 3:1 methanol:acetic acid, the fixative was changed three or 
four times.
 Tissues derived from a sample of skin and ovary from case one were digested 
in collagenase for 4 hours. The cells were cultured in FGM2: MEMα (50:50) 
(Clonetics) for several weeks to establish a fibroblast cell line on each tissue. Excess 
tissues and cells were archived in the Frozen Zoo® (Lab#18571). 
Slides for FISH and karyotyping were prepared from the cell cultures. 
Colcemid was not added at harvest. Cells were treated for 30 minutes in 0.067 M KCl 
and fixed as usual. Slides were prepared using standard cytogenetic techniques. 
Chromosomes were GTG-banded by a modified method of Seabright (1971) and 
karyotyped according to the current karyotype standard for the horse (ISCNH, 1997).
Horse chromosome-specific BAC clones representing ECA27 (CH241-
151K03) and ECA30 (CH241-139M13) were labeled with either Spectrum Orange or 
Green (Abbott Molecular) and hybridized to metaphase and interphase cells as 
described previously (Lear et al., 2001).  The cells were then scored according to the 
number of signals observed.  
SNP genotyping
DNA was isolated from each of the tissues samples using the Qiagen Gentra 
Puregene Blood Kit (Qiagen Sciences, Germantown, MD, USA). The blood samples 
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were extracted using the “DNA Purification from Whole Blood” protocol whereas all 
other samples were extracted with the “DNA Purification from Mouse Tail Tissue” 
protocol. 1000 ng of DNA from the center of the first skin biopsy from case one and 
1000 ng of DNA from blood from case two and the six controls were sent to Geneseek 
for genotyping on the Equine SNP50 BeadChip (Geneseek, Lincoln, NE, USA).
SNP-CGH analysis
The raw intensity files for all samples were obtained and entered into 
GenomeStudio for preliminary analysis (Illumina Inc., San Diego, CA, USA). 
Standard equine cluster files were used to generate the log2R ratios (log-transformed 
ratio of observed probe intensities compared to expected intensities from a training set, 
LRR) and B allele frequencies (estimate of allele frequency based on ratio of observed 
intensities for each allele probe, BAF) for each SNP.  For a normal diploid cell, each 
allele of a SNP should be present in equal amounts, resulting in an average LRR of 0 
and three clusters of BAF (AA homozygotes around 0, AB heterozygotes around 0.5, 
and BB homozygotes around 1). Loss of one chromosome will cause a decrease in 
LRR and elimination of the heterozygous BAF cluster, whereas a copy gain will 
increase LRR and create a split in BAF (AAB heterozygotes around 0.3 and ABB 
heterozygotes around 0.7). Calculation of LRR and BAF, as well as determination of a 
copy loss or gain, is described in detail in Peiffer et al. 2006. These values were then 
imported into R and first visualized on the genome scale for each sample individually. 
Abnormal regions were then identified by visual inspection on the chromosomal scale 
(R Development Core Team 2009).
Four additional values were calculated in R for visually abnormal 
chromosomes. For both monosomies and trisomies, the LRR of all SNPs on the 
affected chromosome were averaged (“Average LRR”). In the case of monosomies, 
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the total number of SNPs in between a BAF of 0.2 and 0.8 (representing possible 
heterozygous SNPs, “Numeric BAF”) were counted. Finally, for chromosomes with 
two central clusters of BAF (representing possible trisomic AAB and ABB 
heterozygous SNPs), two averages were calculated: average BAF of values from 0.2 
to 0.5 and average BAF of values from 0.5 to 0.8 (“Numeric BAF”). Each average was 
compared to the corresponding averages from the control.
RESULTS
General SNP-CGH findings
On initial examination, large runs of homozygosity were noticed for almost 
every sample across the genome. Female individuals were noted to have an elevated 
LRR for the X chromosome. In all previously diagnosed horses, visual examination 
and calculated values agreed with the FISH karyotype. Full results for each sample 
can be found in table 2.1. 
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Cytogenetic analysis of the two cases
Chromosomal G-banding from blood lymphocytes in case one showed diploid 
numbers of 64 and 65, both with two normal X chromosomes. The 2n=65 metaphase 
spreads accounted for about 20% of the samples and included an additional 
unidentifiable small acrocentric chromosome. Initial visual examination of the 
genome-wide SNP-CGH plots showed no alteration of LRR and a slight split in BAF 
for chromosome 27 (Figure 2.2). The average LRR was 0.079 and BAF averages were 
0.432 and 0.566. These values indicated a mosaicism with around 30% of the skin 
cells carrying an abnormal trisomic karyotype (as discussed in Conlin et al. 2010), 
though due to the noise in the data and the novelty of this technique in the horse, 
additional confirmation was sought for a diagnosis. In the FISH analysis of the ovary 
and second skin sample, only the abnormal karyotype of 65,XX,+27 was observed 
(Figure 2.2).
For case two, visual examination of the genome-wide plots indicated a one 
copy gain for chromosome 30 (Figure 2.3). Calculated averages were 0.232 for LRR 
and 0.337 and 0.639 for BAF, corresponding to a 95% mosaicism. No blood was 
available for karyotype or FISH analysis.
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Figure 2.3. Cytogenetic analysis of case two. Chromosome 30 is bordered by vertical 
lines. The upwards shift in LRR and split in central BAF is indicative of a single copy 
gain. 
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DISCUSSION
We successfully used SNP-CGH to identify several cases of aneuploidy in the 
horse. Both chromosomal copy losses and gains were immediately apparent with 
visualization of the data. The resulting diagnoses were in agreement with all available 
FISH data. 
In general, all samples appear to show noticeable runs of homozygosity. 
However, as one mixed breed sample (data not shown) appeared to have shorter and 
less frequent homozygosity, it is likely an effect of breed structure and low marker 
density. The Equine SNP50 chip was based largely on SNPs identified in an inbred 
individual of the Thoroughbred breed. Polymorphisms in this breed may not be 
representative of other breeds, thus increasing apparent homozygosity. Also, with an 
average marker spacing of 43.1k, much variation in the genome is not likely to be 
sampled.
The elevation in LRR seen in the females is likely due to the original 
generation of the cluster files. For most reference cluster files generated by Illumina, 
both males and females are used to generate values for all chromosomes, including X 
(Wang et al. 2007). However, as BAF is not affected by the addition of males in the 
cluster file, it should be weighed more heavily in detected abberations on the X 
chromosome.
The mosaicism observed in case one was highlighted by regional sampling for 
DNA. The first skin biopsy was selected for analysis due to the obvious differences in 
hair color on the filly. However, in the laboratory, individual regions of varying shades 
(and therefore perhaps varying in karyotype) could not be discerned confidently 
enough to dissect them individually. Given the later karyotyping showing only 
abnormal cell lines in the ovary and second skin sample, the SNP-CGH sample likely 
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included both hair colors with the normal karyotype compromising the majority of the 
sample.
In case one, the brindle type pattern characterized by striping of two hair coat 
colors could be due to the presence of a beta-defensin gene cluster on chromosome 27. 
In dogs, a genetic variant in CBD103 was shown to cause dominant black coat color 
through binding to the melanocortin-1-receptor (Candille et al. 2007). The researchers 
also created transgenic mice with the normal and variant alleles and found both were 
capable of inducing pigment-type switching to black in normally agouti-banded hairs 
(Candille et al. 2007). It is thus possible that the extra copy of chromosome 27 
(containing the defensin genes) resulted in a higher concentration of melanin in the 
trisomic section of the filly's hair coat.
Case two likely represents a pure trisomy, despite the LRR and BAF 
corresponding to a 95% mosaic in the table provided by Conlin et al. 2010. In their 
manuscript, a formula was used to generate this table of expected values at varying 
levels of mosaicism. However, noise present in genotyping data can result in observed 
values not matching exactly to expected values (as seen by non-zero LRR in samples 
with normal karyotypes). As a result, data should be examined for deviations within 
the sample, since each chromosome should have the same amount of noise.
SNP-CGH represents a viable tool for screening horses with suspected 
chromosomal abnormalities. While it cannot identify balanced translocations like 
karyotyping, it offers higher-resolution screens and the ability to detect sub-
chromosomal changes in copy number (Srebniak et al. 2012). However, resolution is 
limited by chip marker depth, which does pose problems for identification of short 
copy number variants in the horse. It is also possible to obtain the necessary DNA for 
genotyping from lysates of pulled hair roots (Brooks et al. 2010). This allows for easy 
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shipping of samples to the laboratory doing the analysis - hair can be shipped in a 
normal mailing envelope without need for cold conditions. 
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APPENDIX
UNPUBLISHED DATA
METHODS AND MATERIALS
Sample collection and case histories
Case three was a 14 year old Thoroughbred mare with a history of reproductive 
issues. She produced one normal female offspring by one sire and three male offspring 
with choanal atresia by a different sire. Blood from the mare and hair from one male 
foal were submitted for karyotyping and cytogenetic analysis. DNA extraction from 
blood was completed as described above. Hair lysis was performed as first described 
by Locke et al. 2003.
RESULTS
Cytogenetic analysis
Standard karyotyping failed to identify any chromosomal abnormalities in the 
mare. However, visual inspection of SNP-CGH plots identified a cluster of abnormal 
SNPs on the X chromosome. This cluster was comprised 27 SNPs spanning 1 Mbp 
with an average LRR of -0.307 (with the rest of ECAX having an average LRR of 
0.198) and no heterozygous BAFs, indicative of a single copy loss (Figure 2.4). There 
were 4 genes located within this region (TBX22, CHMP1B, FAM46D, BRWD3).
Blood was not available from the offspring for karyotyping. SNP-CGH plots 
(derived from hair DNA) had a high degree of noise, however the same cluster of 
SNPs appeared abnormal in the colt. The average LRR was -3.51 (compared to -1.15 
for all other ECAX SNPs), though BAFs ranged from 0.00 to 0.66.
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Figure 2.4. Cytogenetic analysis of chromosome X in case three. The vertical lines 
indicate the location of the 27 SNPs involved in the putative copy number alteration. 
The lower shift of LRR and lack of heterozygous SNPs compared to the rest of ECAX 
are indicative of a single copy deletion. 
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Figure 2.5. Cytogenetic analysis of chromosome X in the offspring of case three. The 
vertical lines highlight the same region as shown in figure 2.4. The lower shift of LRR 
compared to the rest of ECAX are indicative of a copy number loss. 
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DISCUSSION
Choanal atresia is a congenital abnormality in which there is a blockage 
between the nasal passages and pharynx, resulting in a unilateral or bilateral disruption 
of airflow (James et al. 2006). Studies in other species have identified a small number 
of genes associated with the phenotype (Reed et al. 2010). 
Although there are only four offspring in this kindred, the distribution of the 
disease suggested an issue with the X chromosome. The results seen through SNP-
CGH analysis indicated a single copy deletion that was too small to be resolved 
through conventional karyotyping. The X chromosome bearing this deletion could 
have been passed on to all three male offspring, resulting in a haploinsufficiency 
responsible for the abnormality. The reduced logR ratios observed in the male 
offspring in the same cluster of SNPs support this theory. The high degree of noise in 
this individual's CGH plots may be due to lower quality DNA from hair. The moderate 
BAF values is likely an artifact of numeric transformation on intensity values that 
likely would have been removed from standard filtering by GenomeStudio.
Of the four genes annotated in the deletion region, two have no known 
function. The third, bromodomain and WD repeat domain containing 3 (BRWD3), is 
associated with macrocephaly and intellectual disabilities in humans (Field et al. 
2007). The fourth, T-box 22 (TBX22), is associated with X-linked cleft palate and 
ankyloglossia in humans, as well as choanal atresia in mice (Kantaputra et al. 2011, 
Pauws et al. 2009). Given these phenotypes in other species, and the distribution of 
phenotypes in case three's offspring, it is highly likely the observed deletion is 
responsible for the mare's reproductive issues and deaths of the three still-born colts.
This study demonstrates the power of using array CGH for detecting smaller 
chromosomal aberrations. Conventional karyotyping techniques are limited to 
alterations visible on the metaphase chromosomes, or to screening using specific FISH 
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probes. Here, we show even with the low density of the Equine SNP50 chip, we are 
able to detect a 1 Mbp deletion, one well below the range of detection with 
conventional methods.
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ABSTRACT
The equine hoof is a specialized structure in which the distal skeleton is suspended 
within the capsule by interdigitated structures known as laminae. Inflammation of this 
tissue, known as laminitis, is a devastating disease that is the second leading cause of 
both lameness and euthanasia in the horse. Current research on the laminitic 
transcriptome focuses on the expression of known genes. However, as this tissue is 
quite unique and equine annotation is largely derived from computational predictions 
and gene models from other species, there are likely yet uncharacterized transcripts 
expressed in the laminae that may be involved in the etiology of laminitis. In order to 
create a novel annotation resource, we performed whole transcriptome sequencing of 
sagittal lamellar sections from one control and two laminitis affected horses. Assembly 
of 113 million 100bp reads resulted in around 75,000 transcripts. Of these, 36,000 
corresponded to known annotation in NCBI's non-redundant protein database. RT-PCR 
of 12 selected assemblies confirmed structure and expression in lamellar tissue. 
Transcriptome sequencing represents a powerful tool to expand on equine annotation 
and identify novel targets for further laminitis research.
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INTRODUCTION
Laminae are interdigitated dermal and epidermal tissues found in the hooves of 
livestock that form the attachment to the distal skeleton. Equids have an additional 
specialization in the form of secondary laminae that project from the primary laminae 
which further increase the surface area and thus strengthen this connection (Pollitt 
2010). The junction between dermal and epidermal laminae must be strong enough to 
withstand the forces of weight bearing and motion without separation, while providing 
sufficient flexibility to absorb concussive forces and allow growth. Inflammation of 
the laminae (laminitis) is a devastating disease that can lead to separation of these 
tissues and a rotation of the third phalanx (P3) away from the hoof wall. 
The etiology of laminitis is poorly understood. Many risk factors have been 
identified in the horse, including inflammation in other parts of the body, sepsis, 
metabolic conditions, or mechanical stress (Eades 2010). Currently, as there are very 
few treatments available, prevention through avoiding known risk factors is 
recommended. In the early stages of laminitis (either pre-clinical symptoms or at the 
onset of lameness), prolonged cooling of the hooves in ice water has been shown to 
reduce severity of the disease and prevent separation of the laminae (van Eps et al. 
2013). However, if adequate treatment is not provided promptly, euthanasia is often 
the result. A study from the USDA in 1998 estimated the annual cost of lameness at 
$678 million, with laminitis accounting for 15% of the reported cases (NAHMS 
2001). The American Association of Equine Practitioners has specifically identified 
laminitis as the disease most frequently reported as needing more research.
Several methods have been devised to experimentally induce laminitis, 
including carbohydrate overload, oligofructose overload, and black walnut extract 
administration. Although all of these models will result in the disease, key differences 
in physiological response (as compared to the natural etiology) have been 
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demonstrated (Faleiros et al. 2011 , Leise et al. 2011). However, as natural cases can 
be much more difficult to acquire, these models continue to serve an important role in 
research.
Gene expression has been applied in studies to better understand the disease 
process. However, much of this research has focused on the expression of few known 
genes, using qPCR to target specific pathways (Kwon et al. 2013, Steelman et al. 
2013, Wang et al. 2013, Wang et al. 2014). Only two studies have attempted a 
transcriptome-wide view of laminitis. The first commercially available whole-
transcriptome equine-specific microarray was not published until 2009, therefore early 
studies attempted two different approaches. The first study chose to use cross-species 
hybridization with the bovine gene expression chip, identifying 155 out of the 15,000 
genes assayed to be significantly up-regulated (Budak et al. 2009). They were unable 
to identify any down-regulated genes, which was likely due to the high false-negative 
rate associated with imperfect hybridization. A second study instead generated a 
custom equine-specific array with 3076 targets derived from leukocyte EST libraries 
(Noschka et al. 2009). Less than 100 of these genes were found to have significant 
differential expression.
Both of these projects, and any current work utilizing microarrays, are 
hindered by insufficient genome annotation in the horse. The only major annotation 
attempt used an older sequencing technology, generating 35 bp reads from eight 
diverse tissue types (Coleman et al. 2010). They identified that 48% of genes 
displayed tissue-specific expression patterns, with 7% of the genes only found in one 
tissue type. However, this data was not incorporated into automatic annotation 
pipelines for the popular genome browsers, and lamellar tissue was not included in 
sequencing. Using this data, the authors also demonstrated there were 428 genes 
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completely lacking in equine annotation, even though many of these genes have data 
in other species (Coleman et al. 2013). 
Whole transcriptome sequencing (RNA-seq) is a promising solution for 
interrogation of gene structure and expression, especially in a divergent tissue like the 
hoof. RNA-seq is a hypothesis-free examination of all cDNA in a given sample, 
allowing for the identification of unique features such as unannotated transcription, 
splice sites, allele-specific expression, anti-sense expression, and alternative poly-
adenylation (t' Hoen et al. 2008, Malone and Oliver 2011, Wilson et al. 2014). 
Additionally, technical variation is reportedly low, with high reproducibility between 
lanes (Marioni et al. 2008). Studies have continuously demonstrated high correlation 
between microarray differential expression studies and RNA-seq strategies, noting the 
main difference is improved sensitivity for low-abundance transcripts by RNA-seq 
(Mooney et al. 2013, Zhao et al. 2014). However, as RNA-seq is still considerably 
more expensive and computationally intense than microarrays, much mainstream 
research still relies on microarrays or qPCR.
The objective of this study was to produce a transcriptome resource for the 
study of laminitis. Given that recent studies rely heavily on qPCR, the generation of a 
set of equine, hoof-specific transcripts can greatly benefit in the selection of novel 
targets for expression studies. Current annotation is largely based on computational 
predictions and gene models from other species, among which there is not a good 
physiological model for the laminae. Additionally, while there have been a few equine 
RNA-seq studies, raw data is often only placed in public databases and not fully 
processed or curated (Coleman et al. 2010, Park et al. 2012, Capomaccio et al. 2013, 
Igbal et al. 2014). Thus these valuable datasets are difficult to access and may require 
intensive bioinformatic analysis before use in subsequent projects, and sadly are often 
underutilized.
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MATERIALS AND METHODS
Sample collection and transcriptome sequencing
Samples were collected from horses sent to the necropsy unit at the Cornell 
University Veterinary School. Medical history was collected whenever available. Hoof 
sections were placed on ice for transport to the lab, where a histological examination 
was performed and mid-sagittal lamellar sections were dissected out. Samples were 
placed into RNA later and stored at -80°C until ready for processing.
Phenotype was assessed through medical history, physical exam prior to 
euthanasia, and histological findings. Control animals were defined by P3 running 
parallel to the hoof wall with no bruising or thickening of the laminae. Acute cases 
often had some degree of rotation, as well as profuse bleeding and thickened laminae. 
Chronic cases were defined by thickened, fibrous lamina with bruising throughout, 
and sometimes with pooled blood by P3. Sample information can be found in Table 
3.1.
RNA was extracted from approximately 60 mg of lamellar tissue using the 
Qiagen RNeasy kit (Qiagen Inc., Valencia, CA, USA) following manufacturer's 
protocols for fibrous tissue. 50 μL of RNA was DNase treated using either the Ambion 
Turbo DNA free kit (Life Technologies, Carlsbad, CA, USA) or Qiagen DNase I kit, 
followed by Qiagen RNA cleanup kit. Quantification was carried out using a 
NanoDrop spectrophotometer (NanoDrop Technologies LLC., Wilmington, DE, 
USA). 
Library preparation and sequencing was performed by Cornell University's 
Life Sciences Core Laboratory Center. Single-end libraries were constructed using 
manufacturer's protocols for poly-T selection and sequenced on an Illumina HiSeq 
2000 (Illumina Inc., San Diego, CA, USA). Raw reads were submitted to the 
European Nucleotide Archive (accession number PRJEB6100).
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Table 3.1. Summary of samples used in this study. Laminitis phenotype was 
determined through medical history and histological examination.
Sample Phenotype History Experiment
CU1 control healthy RNA-seq, RT-PCR
CU5 control healthy RT-PCR
CU17 acute enterocolitis RT-PCR
CU18 acute enterocolitis RNA-seq, RT-PCR
LSU-E chronic Equine Metabolic Syndrome RT-PCR
LSU-J chronic Equine Metabolic Syndrome RNA-seq, RT-PCR
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De novo assembly
Raw RNA-seq reads were processed in two steps. First, a custom R script 
(based on the ShortRead package) was used to remove adapter and barcode sequences, 
as well as to trim low quality (Q<20) bases from both ends of the reads (Morgan et al. 
2009). Trimmed reads shorter than 25 bp were discarded. Second, reads were aligned 
to the GenBank virus (version 186) and ribosomal RNA sequence databases with 
BWA under default parameters (Li and Durbin 2010). Only unmapped reads were 
retained for assembly.
The filtered reads from all samples were pooled and de novo assembled into 
contigs using Trinity with “min_kmer_cov” set to 2 (Friedman et al. 2011). In order to 
remove some of the redundancy of Trinity-generated contigs, a further assembly step 
using iAssembler with a minimum of 99% identity (-p) was performed (Zheng et al. 
2011). Contigs shorter than 200 bp were discarded. 
Unigene annotation
All unique transcripts (unigenes) were compared to the GenBank non-
redundant protein database using blastx with an E-value cutoff of 1e-5. Only the 
protein with the highest E-value (and thus highest significance) was retained for 
further analysis.
Unigenes were also aligned to the equCab 2.0 reference genome using BLAT 
with parameters recommended for same-species mRNA alignments (Kent 2002).  The 
pslCDnaFilter tool was used to remove alignments with less than 200 bp, 98% 
identity, or 50% coverage. The resulting PSL file was converted to BED format and 
compared with Equine-specific repeat annotation using BEDtools intersectBed in 
order to filter out alignments that contained over 10% repetitive DNA (Pruitt et al. 
2014, Quinlan and Hall 2010). Many retroviruses in the genome are expressed, but 
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high homology among these elements often leads to chimeric and spurious assemblies, 
and thus creates problems for alignment-based analyses. The filtered unigenes were 
then compared to NCBI Non-Horse RefSeq, Horse RefSeq, and Horse Ensembl 
annotations using intersectBed at 10% overlap.
Putative gene names were assigned to unigenes based on high quality matches 
to NCBI non-redundant databases. Two BED files were produced for use in genome 
browsers (one containing all transcripts and one with only large transcripts containing 
3 or more exons) and are available at http://www.animalgenome.org/repository/horse/.
Variant calling
Raw sequencing reads were aligned to the EquCab 2.0 reference genome using 
BWA under default parameters. SAMtools was used to convert alignments to BAM 
format and to remove PCR duplicate reads (Li et al. 2009). SNPs were identified with 
GATK using the recommended pipelines with a Q>30 cutoff (McKenna et al. 2010, 
DePristo et al. 2011, Van der Auwera et al. 2013). VCFtools was then used to filter out 
variants with fewer than 10 observations, followed by BEDtools to remove variants 
that fell outside of regions with corresponding assembly alignments (Danecek et al. 
2011). The final list of variants was pooled and submitted to NCBI dbSNP.
Analysis of putative novel loci
We screened the transcriptome assembly for novel loci with two steps. First, a 
second genome alignment was prepared by running RepeatMasker (using RepBase 
2013-04-22 libraries) on the unigenes, then BLAT and subsequent filtering was 
performed as before (Smit et al. 2010, Jurka et al. 2005). Next, the unmasked and 
masked alignments were compared, and unigenes that passed filtering criteria in both 
datasets were selected. The unmasked alignments of these unigenes were then 
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compared to RefSeq annotation using BEDtools, and alignments with less than 5% 
overlap to known annotation were labeled as putative novel loci. All matches to the 
unassembled chromosome (chrUn) were discarded. Although valuable novel genes are 
likely to be found there, the incomplete state of assembly in this region makes 
downstream alignment based analyses problematic. 
Twelve novel genes were selected for RT-PCR validation and proof of concept 
based on additional criteria. ExPasy “translate” tool was used to identify open reading 
frames (ORFs) in these unigenes (Gasteiger et al. 2003). These were then BLATed 
back to the equCab 2.0 reference genome, and only unigenes with ORFs spanning at 
least three exons on their corresponding transcript annotation were kept, thus 
identifying larger transcripts with significant exon/intron structure. The ORFs were 
then compared to the non-redundant protein database using blastp, and targets with 
little to no experimental data were selected for further validation.
Within each gene, an amplicon of cDNA was targeted using intron spanning 
primers created with the Primer3 software (Table 3.2, Rozen and  Skaletsky 1998). 
Two-step RT-PCR was performed in 15 μL reactions using the SuperScript VILO 
MasterMix kit (LifeTechnologies, Carlsbad, CA, USA) followed by standard PCR. 1 
μL of cDNA was amplified in 10 μL PCR with FastStart Taq DNA polymerase (Roche 
Applied Science, Branford, CT, USA) and included all reagents per the manufacturers 
recommended conditions.
 Amplification was verified on 3% agarose gel, and the resulting PCR products 
were submitted to the Cornell Core Life Sciences Laboratories Center for sequencing 
using standard ABI chemistry on a 3730 DNA Analyzer (Applied Biosystems Inc., 
Foster City, CA, USA). Amplicons were aligned to their corresponding unigenes to 
confirm identity using Consed (Gordon et al. 1998).
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RESULTS
Illumina sequencing and assembly
Whole transcriptome sequencing of the three samples in this experiment 
generated in a total of 112,979,003 reads. Sequencing data from all three individuals 
was pooled for assembly in order to capture genes that may be rare or unique to the 
laminitic state. After filtering, 87,598,529 high-quality reads remained. A summary of 
assembly metrics can be found in Table 3.3. The number of unigenes mapped per 
locus ranged from 1 to 139, averaging 2.44 isoforms representing 25,580 loci. Many 
of these unigenes are shorter transcripts covering only a single exon or splice junction, 
partially due to lowly expression transcripts lacking sufficient coverage for assembly 
(Figure 3.1). Considering only the longer 3+ exon transcripts resulted similar statistics 
(Table 3.4).
Overall, 88% of raw sequencing reads mapped to the genome. The GATK 
recommended pipeline identified a total of 131,034 SNPs. In order to account for false 
positives resulting from incorrectly mapped spliced reads, the transcriptome assembly 
was used to filter out SNP calls that fell outside of the repeat-filtered annotation 
generated by this assembly. The 119,555 SNPs that remained (91.2%) were submitted 
to public databases (Table 3.5).
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Table 3.3. De novo assembly statistics.
Metrics Raw Assembly
Total reads (100 bp) 112,979,003
 Reads after filtering 86,275,849
 Average read length after filtering 88.3 bp
 # Unigenes 74,860
 N50 2,272
 Minimum Length 201
 Average Length 1,098
 Maximum Length 17,667
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Table 3.4. Isoform statistics by locus. Unigenes are clustered together based on an 
overlap of at least 1 bp.
Statistics All Transcripts Long (3+ Exon) Transcripts
Total Unigenes 55,120 27,884
Unique Loci 23,779 12,905
Min Unigenes per Locus 1 1
Max Unigenes per Locus 125 89
Average Unigenes per Locus 2.32 2.16
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Figure 3.1. Distribution of exon counts within the unfiltered assembly. Longer models 
range from 10 to 119 exons.
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Table 3.5. Mapping statistics for RNA-seq onto EquCab2. 
Sample Phenotype Total Reads Mapped Reads % Mapped SNPs
CU1 control 36,277,643 31,561,549 87% 60,652
CU18 acute 43,422,463 38,211,767 88% 72,364
LSU-J chronic 33,278,897 29,618,218 89% 58,414
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Annotation with known gene and protein databases
 Using blastx, a total of 36,195 unigenes (48%) had significant matches to 
proteins in the non-redundant database. To simplify the analysis, only the top hits were 
retained. 35% of the matches were to equine proteins, and of these, 97% were 
computationally derived entries (XP_ accession numbers). 
Additionally, unigenes aligned by BLAT to the equine genome were compared 
to the NCBI horse RefSeq, NCBI non-horse RefSeq, and Ensembl prediction tracks 
available from the UCSC Genome Browser. A summary of overlap between the known 
databases is provided in Table 3.6. 
Gene IDs were assigned to each unigene based on matches to the non-
redundant protein database or RefSeq alignments, resulting in annotation of 44,730 
transcripts. Unannotated transcripts retained their identifier provided by Trinity. These 
transcripts likely correspond to novel genes or non-coding RNA and were selected for 
further examination. An example of the generated custom track annotation is found in 
Figure 3.2.
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Table 3.6. Unigenes matching annotation in various databases. The repeat-filtered 
assembly was utilized for EquCab2 alignment-based annotation.
Database Total Records Unigenes
NCBI NR Protein 37,818,139 36,195 / 74,860a (48%)
Equine-Specific Repeats 2,905,169 19,740 / 74,860a (26%)
 Non-Horse RefSeq 255,606 24,501 / 55,120b (44%)
 Ensembl Predictions 29,196 15,538 / 55,120b (28%)
Horse RefSeq 1,169 604 / 55,120b (1%)
None n/a 31,091 / 74,860a (42%)
aUnfiltered transcriptome assembly
bRepeat-filtered transcriptome assembly
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Figure 3.2. Example custom annotation on UCSC Genome Browser. Clicking on the 
identifier “UN09857” loads the table in the lower panel. Custom identifiers provide 
corresponding gene and protein annotation for each unigene.
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Amplification and sequencing of cDNA from putative transcripts
There were a total of 13,632 unigenes with 3 or more exons that did not match 
to known annotation. Of these, there were 4,718 that did not overlap with other 
unigenes. A subset of 12 unique transcripts that contained ORFs which spanned over 3 
exons were selected for molecular validation (Table 3.7).
RT-PCR successfully amplified cDNA from all selected transcripts. All 
products were of the expected length and Sanger-derived sequences matched 
completely with assembled sequences. As differential expression was not the goal of 
this study, no quantitative analyses were attempted. However, one selected transcript 
did display a qualitative trend for disease-specific expression (Figure 3.3). The best 
match (placenta-specific protein 1 precursor), located on ECAX, is a computational 
prediction with support from 1 equine mRNA and 85% coverage of RNA-seq 
alignments from one sample in the short-read archive. The only other equine match 
was to a homologous gene, placenta-specific protein 1-like (E=4e-9), which was 
mapped approximately 100 kb downstream of the alignment on chromosome 12. 
However, this record is completely computationally derived, supported only by 
similarity to two proteins.
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Figure 3.3. Agarose gel demonstrating the expression of UN21936 and UN27113. 
Expression of UN21936 appears to be limited to laminitic samples. CU1, CU5 = 
control; CU17, CU18 = acute laminitis; LSUE, LSUJ = chronic laminitis; NTC = non-
template (negative) control.
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DISCUSSION
We utilized RNA-seq to successfully generate a transcriptome assembly of 
equine lamellar tissue. As the hoof is a specialized tissue, it likely has unique 
transcripts that previous annotation efforts would have missed. This data set represents 
a valuable tool for laminitis research, providing information on both known genes 
expressed in the hoof, as well as a wealth of previously unannotated transcripts. The 
transcripts identified in this study can now be utilized with other technologies to 
search for novel targets with relevance to laminitis.
RNA-seq provides unprecedented power for transcript and isoform discovery. 
However, relatively little of this information trickles down in to human readable 
annotation and applied datasets useful to the average molecular biologist. While some 
resources now exist that attempt to bridge this gap by providing bioinformatics 
instruction for molecular biologists, this approach is not practical for all researchers 
(Bradnam and Korf 2012). Our newly generated data is available in two ways. Raw 
reads and identified variants have been deposited in public databases, so that they may 
be accessed or incorporated into automated pipelines. NCBI has recently begun to 
advantageously incorporate RNA-seq data from the short-read archive into their 
RefSeq annotation pipeline, and the inclusion of additional unique tissue types is 
essential for robust annotation from this automated analysis. However, these updated 
annotations (especially computational predictions) are not always readily accessible in 
popular genome browsers. Therefore, we have also provided a downloadable BED 
track of our assembly. The BED format is small and much easier to use than the raw 
sequencing data itself. BED files also are quite easy for individual researchers to load 
gene model annotation into their browser of choice (Dreszer et al. 2011).
Our data also includes potential non-coding RNAs, which are an emerging 
field of research. As the RefSeq set is specifically designed for protein-coding genes, 
62
all other transcript types are not given accession numbers. There are existing databases 
of non-coding RNAs available for the human and mouse genomes, however for all 
other species, there are only the few (less than ten) entries manually curated from the 
literature (Amaral et al. 2011). Unlike protein-coding genes, there is considerably less 
sequence conservation between species in non-coding RNAs, necessitating within 
species identification (Qu and Adelson 2012).
 The function of non-coding RNAs has been the subject of recent controversy. 
It is debatable whether the observed RNA transcription is biologically relevant, or if 
transcription may simply be technical noise (van Bakel et al. 2010, Kapranov and 
Laurent 2012). Well documented functions for non-coding RNA include regulation of 
the genome (through chromatin modification, DNA binding, and protein binding) and 
of cellular differentiation during development (Rinn and Chang 2012, Hu et al. 2012, 
Morán et al. 2012). One of the most well-known non-coding RNAs is XIST, which 
regulates X chromosome inactivation in females. More recently, several mutations that 
cause overexpression of a conserved long non-coding RNA proved to be responsible 
for the bovine polled phenotype (Allais-Bonnet et al. 2013). It is thus important to 
consider all possible RNAs in studies of differential expression, instead of only the 
protein-coding transcripts.
Utilization of this data in studies of laminitis could identify new targets and 
pathways to help further our understanding of the etiology. Whereas current veterinary 
methods generally can only detect laminitis at the onset of lameness, the development 
of biomarkers could allow for rapid identification (and thus the most effective 
treatment) of cases before permanent damage occurs. Future understanding of the 
precise pathways underlying laminitis could lead to vital novel prevention methods 
and treatments.
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ABSTRACT
Leopard Complex spotting (LP), the result of an incompletely dominant 
mutation in TRPM1, produces a collection of unique pigmentation patterns in the 
domestic horse. While the LP mutation allows for expression of the various patterns, 
other loci are responsible for modification of the extent of white. Pedigree analysis of 
families segregating for high levels of patterning (80-100% white hair coat) indicated 
a single dominant gene (PATN1) as a major effect modifier for LP. Linkage analysis 
identified a 16 Mbp region on ECA3p associated with PATN1. Whole transcriptome 
sequencing of skin samples from horses with and without the PATN1 allele was 
performed to identify genic SNPs for fine mapping. Two Sequenom assays were 
utilized to genotype 192 individuals from five LP-containing breeds. The initial panel 
highlighted a 1.6 Mbp region without a clear candidate gene. In the second round of 
fine-mapping, a SNP in the 3' UTR of RING finger and WD repeat domain 3 
(RFWD3) reached a significance level of p=1.063x10-39. Sequencing of RFWD3 did 
not identify any coding polymorphisms specific to the PATN1 horses. Genotyping of 
an additional 52 LP animals increased this association to a p-value of 4.68x10-56. An 
additional 166 horses of breeds not segregating for LP did not contain the PATN1-
associated allele. This variant is a strong candidate for PATN1 and may be used for 
genotyping lp/lp animals.
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INTRODUCTION
Coat color is a highly valued trait in domestic species. Studies of ancient DNA 
have suggested that the wide variation of pigmentation seen in the horse is partly due 
to human artificial selection throughout the process of domestication (Ludwig et al. 
2009). The relative ease of phenotyping makes coat color an ideal model system. 
Genetic mapping studies have been quite successful in the horse, leading to the 
availability of a variety of molecular tests that are routinely used by breeders (Rider 
2009).
Most coat colors are simple in inheritance, with a single autosomal allele 
responsible for a distinct alteration in phenotype. Leopard complex spotting, however, 
is a collection of related patterns found in several breeds with a more complex 
inheritance (Sponenberg et al. 1990). A single incompletely dominant allele (LP) 
allows for the expression of a range of pigmentation phenotypes, including variable 
symmetrical white patterning centered over the hips, striped hooves, white sclera, 
mottled skin, and progressive depigmentation of the hair known as “roaning” (Bellone 
et al. 2013). Heterozygotes generally have many oval pigmentation spots (1-5 cm) 
within regions of white coat, whereas homozygotes have few to no such spots. The 
wide range of variation seen in the extent of white patterning is believed to be due to 
other modifying loci. 
Previous research has linked LP to a retroviral insertion into an intron of 
transient receptor potential cation channel subfamily M member 1 (TRPM1), resulting 
in premature polyadenylation (Bellone et al. 2013). TRPM1 is a calcium channel 
present in the brain, heart, melanocytes, and retina. The function of TRPM1 in most 
tissues is not well understood, though studies in the retina have thoroughly 
investigated its involvement in low-light vision, as reviewed in Oancea and Wicks 
2011. Horses homozygous for LP are affected by congenital stationary night blindness 
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(CSNB), consistent with a causal role of the mutation in TRPM1, though the molecular 
mechanism responsible for the pigmentation phenotype has yet to be elucidated 
(Sandmeyer et al. 2007, Sandmeyer et al. 2012).
Variability in white pattern expression is not a unique observation to leopard 
complex spotting. Studies of white markings in the Arabian horse revealed that there 
are both genetic and stoichastic factors that influence pattern development, and 
respond readily to selection (Rieder et al. 2008). Notably, the e allele of the MC1R 
gene (which leads inability to produce eumelanin) and the A allele of the ASIP gene 
(eumelanin production restricted to the extremities) are associated with increased size 
of white markings. Male horses were also shown to have larger markings than female 
horses. This observation has been made in other breeds and patterns, including in 
leopard complex spotting (Sponenburg 2003). Recent work in the Franches-
Montagnes horse have shown an accumulation of mutations in KIT and MITF are 
responsible for an increase in white markings (Haase et al. 2013). 
However, there are some modifying loci that appear to be unique to LP. One 
early observation by The Appaloosa Project (http://www.appaloosaproject.info/) 
researchers was that horses with the more extreme white patterns (termed leopard and 
few-spot) always had a parent with these same patterns (Sponenburg 2009). Breeding 
records suggested this was a single autosomal dominant allele, possibly displaying 
incomplete dominance. The effects of this allele, named PATN1 for pattern-1, are 
shown in Figure 4.1. Crosses to breeds without leopard complex spotting indicated 
that this phenotype was only found in breeds segregating for LP, and that it had no 
discernible effect on other white patterning.
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Figure 4.1. Phenotypes for zygosity at LP and PATN1. LP, which acts in an 
incompletely dominant fashion, enables the expression of PATN1. 
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Additional pedigree studies identified an association between PATN1 and 
MC1R alleles, suggesting linkage and thus localization to ECA3. In this study, we first 
used linkage analysis in two half sibling families to map PATN1 onto ECA3, then used 
whole transcriptome sequencing to generate variants for fine-mapping. Although the 
implicated region had no clear candidate genes or mutations, further genotyping 
suggested a 3'UTR variant of RFWD3 as closely linked to the PATN1 allele. Here we 
present the results of mapping PATN1 and the analysis of RFWD3.
MATERIALS AND METHODS
Sample collection and phenotyping
Two half-sibling families were available for linkage mapping, consisting of 
few-spot Appaloosa stallions (LP/LP PATN1/patn1) mated to Thoroughbred and 
American Quarter Horse mares (breeds not known to have PATN1). Family A 
consisted of 17 offspring (9 PATN1 and 9 patn1) and family B consisted of 30 
offspring (13 PATN1 and 17 patn1). Only offspring with clear phenotypes at birth were 
included (>70% white for PATN1, <30% white for patn1, as described below).
Blood or hair samples were collected for genotyping from 245 horses with LP 
(117 Appaloosas [ApHC], 13 British Spotted Ponies [BSP], 87 Knabstruppers [KB], 
25 Miniature Horses [MINI], 2 Pony of Americas [PoA]). Of these, 192 were used for 
fine-mapping (92 ApHC, 10 BSP, 69 KB, 19 MINI, 2 PoA). An additional 166 horses 
were available from banked DNA of breeds that are not believed to carry PATN1  (51 
Arabians, 30 Standardbreds, 32 Thoroughbreds, 51 Quarter Horses, and 2 
Arabian/Quarter Horse crosses). DNA from blood samples was extracted either using 
the Puregene whole-blood extraction kit (Qiagen Inc., Valencia, CA, USA) or Nucleon 
Bacc2 kit (GE Healthcare Bio-Sciences Corp., Piscataway, NJ, USA). High-quality 
DNA from hair was prepared for Sequenom genotyping by a modified Puregene 
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protocol (Cook et al. 2010). Hair lysates were prepared for restriction digest 
genotyping (Locke et al. 2003).
A single experienced phenotyper determined the presence of the PATN1 allele 
using photographic records, parental phenotypes, and progeny records. The PATN1 
phenotype was defined by at least 60% white coat at birth and at least one parent with 
production records consistent with the allele. In order to control for small effect 
modifiers, the patn1 phenotype was assigned to horses with less than 40% white. 
Horses with large white face and leg markings, consistent with the presence of another 
white patterning allele, were excluded, as these are known to affect leopard complex 
patterning (Hauswirth et al. 2013).  
Linkage mapping of ECA3
Nine microsatellites from ECA3 were chosen for analysis. An ABI 310 genetic 
analyzer was used to detect fluorescently labeled primers (Applied Biosystems Inc., 
Foster City, CA, USA). The STRand microsatellite analysis software (available at 
http://www.vgl.ucdavis.edu/informatics/STRand/) was used to analyze the data 
(Toonen and Hughes 2001). Fisher's exact tests were performed using 2x2 contingency 
tables. 
RNA extraction and sequencing
Full thickness skin biopsies were obtained from one Appaloosa 
(PATN1/PATN1) and one Thoroughbred (patn1/patn1). Punch biopsies were performed 
as previously described (Bellone et al. 2008). Total RNA was isolated either using the 
RNeasy Lipid Tissue mini kit (Qiagen Inc., Valencia, CA, USA) according to the 
manufacturer's protocol or by acid guanidinium thiocyanate-phenol-chloroform 
extraction (Chomczynski and Sacchi 1987, MacLeod et al. 1996).  Quantification was 
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performed using a NanoDrop spectrophotometer (NanoDrop Technologies LLC., 
Wilmington, DE, USA) and quality was assessed using a 2100 Bioanalyzer (Agilent 
Technologies, Santa Clara, CA, USA). 
Library preparation and sequencing was performed by Cornell University's 
Life Sciences Core Laboratory Center. Single-end libraries were constructed using 
manufacturer's protocols for poly-T selection and sequenced on an Illumina HiSeq 
2000 (Illumina Inc., San Diego, CA, USA). The resulting reads were aligned to the 
EquCab2 reference genome using the BWA software package under default 
parameters (Wade et al. 2009, Li and Durbin 2009). SAMtools was used to convert 
alignments to BAM format for visualization and to call variants (Li et al. 2009). 
Visualization was performed using the UCSC Genome Browser and IGV (Kent et al. 
2002,  Robinson et al. 2011). Raw reads were submitted to the European Nucleotide 
Archive (accession number PRJEB6101).
Sequenom SNP genotyping
Variants were called using SAMtools “mpileup” and were filtered to retain 
those with a phred-scaled quality over 30 and at least four observations. RNA-seq data 
from four additional horses (two patn1/patn1 two unknown) were available from a 
previous study (Bellone et al. 2013). Identified variants were compared to create two 
pools of SNPs for fine-mapping. The first were homozygous SNPs that were observed 
only in the single PATN1/PATN1 sample. The second set was comprised of SNPs that 
were observed in at least two, but not all sequenced horses, corresponding to 
polymorphic loci in the Appaloosa breed. Variants from areas without RNA-seq 
coverage were obtained from the published SNP database (Wade et al. 2009). 
Two fine-mapping sets of 80 SNPs were generated for genotyping with the 
Sequenom Mass Spectrophotometry platform using the iPlex system (Gabriel et al. 
80
2009). Multiplex design and assays were carried out by Geneseek (Geneseek Inc. 
Lincoln, NE, USA). An initial panel spanned the 16 Mbp region with the strongest 
association in the linkage data, with preference given to include the PATN1-specific 
variants in the assay. A second panel spanning the refined 1.6 Mbp region contained 
the top 5 markers from the first panel and additional SNPs representing almost all 34 
genes in the region (Table 4.1).
Genotyping files were analyzed using PLINK 1.07 (Purcell et al. 2007). 
Filtering parameters were 85% individual call rate, 90% genotyping rate, and 5% 
minor allele frequency. After filtering, there were 186 individuals and 74 SNPs in the 
first panel and 192 individuals and 68 SNPs in the second panel. Association was 
performed using the genotypic model with the Fisher's exact test. Analyses were 
performed on all breeds, only Appaloosas, and only Knabstruppers. Haploview was 
used to assess haplotypes and linkage disequilibrium (Barrett et al. 2005).  
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Table 4.1. Summary of SNPs used in Sequenom assay design. PATN1-specific SNPs 
were only detected in PATN1 sequences (derived from a single individual) whereas 
LP-polymorphic SNPs were found in multiple LP sample sequences. Available 
samples were of genotypes LP/LP PATN1/_, LP/LP patn1/patn1, and  LP/lp 
patn1/patn1.
Set Total Panel 1 Panel 2
PATN1-specific 100 25 11
LP-polymorphic 288 19 34
EquCab2 330 36 35
Total 718 80 80
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RT-PCR and sequencing of candidate gene RFWD3
Transcripts assembled from hoof RNA-seq in an unpublished study were 
aligned to equCab2 using BLAT and visualized with the UCSC Genome Browser 
(Kent 2002). The most associated fine-mapping SNP fell within a transcript 
corresponding to the 3'UTR of RING finger and WD repeat domain 3 (RFWD3). 
Coverage of mapped skin RNA-seq reads was used to incorporate the reference DNA 
sequence into the transcript, expanding on a missing section of the 5'UTR. All samples 
with defined PATN1 genotypes were then aligned to the RFWD3 transcript and loaded 
into IGV. Alignments were visually inspected to confirm full coverage of all exons in 
the model, as well as to identify any additional polymorphisms.
Due to inconsistent coverage of RNA-seq reads, Sanger sequencing was 
selected for closer examination of RFWD3. Primers spanning exon 10, both UTRs, 
and a segment from exon 9 to the 3'UTR were designed based on the transcript 
alignment to EquCab2 using the Primer3 software (Table 4.3, Rozen and Skaletsky 
1998). Two-step RT-PCR was performed using the SuperScript VILO MasterMix kit 
(LifeTechnologies, Carlsbad, CA, USA) followed by standard PCR. All DNA was 
amplified using 20 μL volume PCR with FastStart Taq DNA polymerase (Roche 
Applied Science, Branford, CT, USA) and included all reagents per the manufacturers 
recommended conditions.
PCR products were submitted to the Cornell Core Life Sciences Laboratories 
Center for sequencing using standard ABI chemistry on a 3730 DNA Analyzer 
(Applied Biosystems Inc., Foster City, CA, USA). Amplicons were aligned and 
screened for mutations using Consed (Gordon et al. 1998).
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PCR-RFLP SNP Genotyping
Two SNPs unique to the single PATN1 horse were detected in the 3'UTR of 
RFWD3. In both cases, genotyping was performed by 10 μL PCR followed by 20 μL 
restriction digestion and visualization on 4% agarose gels. SNP ECA3:23,658,447T>G 
(RFWD3-3U1) was digested for 20 minutes at 37°C using EcoRV (New England 
BioLabs Inc., Ipswitch, MA, USA), resulting in either a single 455bp band 
representing the G allele, or 276bp+170bp bands for the T allele. As SNP 
ECA3:23,659,162T>C (RFWD3-3U2) does not normally alter a restriction site, 
dCAPS Finder 2.0 was used to design PCR primers to generate a TaqI site specific to 
the C allele, resulting in 281bp+30bp bands, versus a single 311 bp band for the T 
allele (Neff et al. 2002). SNP genotypes were tested for association to PATN1 by a 
Fisher's exact test using R 3.0.1 (R Core Team 2013).
RESULTS
Illumina RNA-seq analysis
Whole transcriptome sequencing of the three skin samples produced a total of 
105,509,542 reads (Table 4.4). Visualization of the alignments in UCSC did not reveal 
any extreme differences in gene expression within the PATN1 associated region. As no 
replicates were available, formal differential expression analysis with software 
packages was not attempted.
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Table 4.3. Sample information and statistics from whole transcriptome sequencing of 
full-thickness skin. 
Sample Phenotype Total Reads Mapped Reads % Mapped SNPs
06-92 pigmented PATN1 33,133,824 29,094,811 88% 85,027
06-92 unpigmented PATN1 30,292,109 26,369,281 87% 77,711
D-052 pigmented patn1 41,083,268 34,312,745 84% 45,178
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Sequenom fine-mapping
Linkage mapping using 9 microsatellite markers on ECA3 was undertaken in 
two half sibling families segregating for PATN1. The strongest association signal 
ranged from 11 Mbp to 18.2 Mbp (Table 4.4). Due to the observed gene density, SNP 
selection for fine-mapping was expanded out to 26 Mbp.
The initial fine-mapping panel showed a strong association (p<2.4x10-18) from 
ECA3:22,043,005-23,677,469 (Figure 4.2A, best hit SNP ECA3:23,677,469G>A, 
p=3.539x10-23). None of the 34 genes in this region possess a previously reported 
function in pigmentation or a coat color phenotype. Association signal strengthened in 
the second set of markers (Figure 4.2B, top hit ECA3:23,658,447T>G, p=1.063x10-39). 
This SNP lies in the 3' UTR of RFWD3. There were no differences in the position of 
the primary association signal when analyzing the dataset by breed (Appaloosa 
p=2.288x10-25, Knabstrupper p= 4.359x10-16).
Although there was strong LD present in this region, haplotype analysis 
suggested that in this population there is little additional recombination left for further 
refining the association signal. Significantly associated haplotypes were defined by the 
presence of single SNPs with strong associations from the fine-mapping and did not 
provide any additional information. Recombination between the top SNP and its 
nearest neighbors prevented additional analysis.
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Table 4.4. Statistics from microsatellite linkage mapping. Marker order and linkage 
position are derived from Penedo et al. 2005. P-values were generated by Fisher's 
Exact Test on 2x2 contingency tables. ND = not determined 
Marker Linkage Position EquCab2 Position Family A Family B
AHT036 0 29.4 Mb 0.30419 0.25975
COR028 12.5 cM 11.1 Mb 0.00029 0.00020
AHT022 20.4 cM 21.1 Mb 0.00108 ND
TKY215 28.3 cM 18.2 Mb ND 0.00001
UCDEQ437 30.7 cM 31.3 Mb ND 0.00184
TKY651 39.9 cM 37.9 Mb ND 0.00278
TKY528 39.9 cM 39.8 Mb 0.04004 0.00031
TKY447 55.0 cM 70.0 Mb ND 0.03097
ASB023 59.1 cM 79.2 Mb 0.04446 0.16285
88
Figure 4.2. Manhattan plots for fine-mapping of PATN1. A The initial 16 Mbp panel 
showed a moderate association from ECA3:22M-24M. The red line indicates the 
region selected for the second round of fine-mapping B The 1.6 Mbp panel displayed a 
similar association signal to the first, with a new SNP showing a strong association.
89
Analysis of RFWD3
The gene RFWD3 was selected for further analysis on the basis of the strong 
association signal and recombination seen between all other genotyped SNPs. The 
next closest gene, GLG1, was not a likely candidate because it did not possess variants 
specific to the PATN1 horse in the RNA-seq data. Alignments to the hoof RFWD3 
transcript showed full coverage with no reads indicative of missing exons or 
alternative splicing (Figure 4.3). There was a dip of coverage over exon 10 apparent in 
the PATN1 horse (from 70 read depth to 15 read depth) that was not observed in the 
other two samples. Coverage over the 5'UTR was significantly lower in all animals, 
and closer examination of the reference sequence showed highly similar 51 bp repeats 
present in both the reference and assembled hoof data. One additional variant in the 
3'UTR and two in the 5'UTR were the only markers uniquely observed in the PATN1 
horse. However, Sanger sequencing did not reveal any additional polymorphisms, with 
all amplicons producing high-quality sequences of the expected length. The abnormal 
coverage from RNA-seq was likely due to computational artifacts.
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Figure 4.3. Coverage of RNA-seq reads to hoof-derived RFWD3 transcript assembly. 
The purple sections are the 5' and 3' untranslated regions, whereas the green section is 
the open reading frame. Vertical lines indicate a variant from the reference. The max 
value is the maximum read depth across the alignment. SNP RFWD3-3U1  is outlined 
in red and SNP RFWD3-3U2 is in orange. 
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Genotyping of additional animals
An additional 218 horses were genotyped for SNP RFWD3-3U1 using PCR-
RFLP. 52 of these horses were from LP-containing breeds and thus had been 
phenotyped for PATN1. 166 horses were from non-LP breeds and thus were not 
expected to carry PATN1. Data from the Sequenom panel and PCR-RFLP genotyping 
were pooled for statistical analysis (Table 4.5). SNP RFWD3-3U1 was strongly 
associated with PATN1 (p=4.68e-56) and was not found in any of the non-LP breed 
samples.
Genotypes for SNP RFWD3-3U2 were determined in 39 horses with definite 
PATN1 phenotypes. Although 35 horses showed T-T or C-G linkage with the RFWD3-
3U1 SNP, there were four horses with a recombinant C-T haplotype (Table 4.6). As all 
of these horses exhibited the PATN1 phenotype perfectly linked to SNP RFWD3-3U1, 
additional horses were not genotyped for RFWD3-3U2. 
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Table 4.5. Fisher's exact tests for RFWD3-3U1. LP-containing breeds are labeled 
ApHC (Appaloosas), BSP (British Spotted Ponies), KB (Knabstruppers), MINI 
(Miniature Horses), and PoA (Pony of Americas). The Non-LP set was comprised of 
51 Arabians, 30 Standardbreds, 32 Thoroughbreds, 51 Quarter Horses, and 2 
Arabian/Quarter Horse crosses.
Breed Pheno G/_ T/T Total P-value
ApHC PATN1 55 2 57
patn1 0 60 60
Total 55 62 117 1.61e-31
KB PATN1 58 1 59
patn1 1 27 28
Total 59 28 87 3.32e-20
MINI PATN1 6 0 6
patn1 5 14 19
Total 11 14 25 n/a
BSP PATN1 9 0 9
patn1 1 3 4
Total 10 3 13 n/a
PoA PATN1 1 0 1
patn1 0 1 1
Total 1 1 2 n/a
Total LP PATN1 129 3 132
patn1 7 105 112
Total 136 108 244 4.68e-56
Non-LP PATN1 0 0 0
patn1 0 166 166
All breed p-value 1.55e-93
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Table 4.6. Linkage between SNPs RFWD3-3U1 and RFWD3-3U2. Genotypes are 
listed as [RFWD3-3U1]-[RFWD3-3U2], with the top section demonstrating the more 
common linkage (G-C and T-T) and the bottom section demonstrating recombination 
(T-C). The two SNPs are located 715 bp apart. Each column lists the number of 
observations of each linkage type by breed (ApHC [Appaloosa], BSP [British Spotted 
Pony], KB [Knabstrupper], MINI [Miniature Horse], PoA [Pony of Americas]).
3' UTR SNPs (U1-U2) ApHC KB MINI BSP POA Total
GG-CC 3 5 0 1 1 10
GT-CT 8 2 2 3 0 15
TT-TT 7 1 2 0 0 10
GT-CC 0 0 1 1 0 2
TT-CT 1 0 0 0 1 2
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DISCUSSION
Leopard complex spotting is a collection of coat color patterns resulting from 
the incompletely dominant LP allele of TRPM1 and its interactions with other 
modifying loci. One such genetic factor, PATN1, is responsible for large differences in 
pattern levels segregating in observed families. Linkage between PATN1 and MC1R 
alleles as well as with microsatellite markers on ECA3 support localization to that 
chromosome. Whole transcriptome sequencing and two rounds of fine mapping by 
targeted association identified a polymorphism in the 3' UTR of RFWD3 with strong 
association with PATN1. This variant was not detected in any of the four non-LP 
breeds tested (three of which were used in the formation the Appaloosa breed). 
Although the variant was not in complete concordance with the phenotype, there was 
no other detected variant with a stronger association.
Although clear differences in siblings segregating for the PATN1 allele can be 
easily observed, the complex nature of white patterning can make phenotyping of 
unrelated individuals difficult. Beyond known factors such as MC1R allele and sex, 
there may exist many unknown genes involved in the enhancement or repression of 
white patterning. Variation in the degree of depigmentation comprising white 
patterning was previously documented in both the overo and tobiano coat colors 
(Lightbody 2002, Stamatelakys 2011). Despite strong functional evidence and 
similarity to homologous phenotypes tying these patterns to their respective mutations, 
individuals with extremely low levels of white patterning were described. The most 
extreme examples have been reported in Miniature Horses, where individuals 
genotyped positive for a dominant white spotting allele, but lacked even a single 
discernible white hair. For example, Santschi et al. 2001 observed two such Miniature 
Horses that had genotyped heterozygous for the frame overo pattern. Five of the 
Miniature Horses in this study typed heterozygous for RFWD3-3U1 despite having 
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below 40% white patterning and thus may be further examples of this extreme white 
pattern suppression.
RING finger and WD repeat domain 3 (RFWD3) is an E3 ubiquitin ligase 
involved in DNA damage response. Initial studies indicated that in response to DNA 
damage, RFWD3 forms a complex with Mdm2, another E3 ubiquitin ligase that 
normally degrades p53 (Fu et al. 2010). However, the RFWD3-Mdm2 complex 
instead stabilizes p53, which activates the G1 checkpoint. Once this checkpoint has 
passed, RFWD3 becomes inactive and Mdm2 is able to return p53 to its usual low-
level of expression. RFWD3 also associates with replication protein A and is recruited 
to sites of DNA damage (Gong and Chen 2011, Liu et al. 2011). 
There are no in vivo RFWD3 mutants present in the literature. However, 
phenotypic similarities exist between PATN1 and harlequin, a pigmentation phenotype 
in the domestic dog. Harlequin Great Danes are the result of an interaction of the M 
and H alleles. M has been identified as a SINE insertion in the SILV gene, resulting in 
a coat dilution phenotype with incomplete dominant inheritance (Clark et al. 2006). 
Spontaneous mutations within the insertion result in variable patches of fully 
pigmented coat. The lethal-dominant H allele selectively removes the dilute color, 
leading to no visible phenotype in m/m individuals and fully pigmented patches on a 
completely depigmented background on dogs possessing the M allele. H is the result 
of a missense mutation in PSMB7, which codes for the β2 catalytic subunit of the 
proteasome (Clark et al. 2011). The authors speculate that mutant transcripts of M may 
generate abnormal proteins targeted for degredation by the ubiquitin proteasome 
pathway. However, as the proteasomes in H animals are unable to effectively clear 
these proteins, there is either an accumulation of cytotoxic components leading to 
melanocyte death or abnormal SILVM-SILVm protein complexes that alter cell 
morphology. The resulting patches containing the abnormal protein thus lack normal 
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melanocytes and are unable to produce pigment, leading to the shift from merle 
coloration to white in the harlequin dogs.
The depigmentation phenotype seen in the LP+PATN1 horse could be due to a 
similar interaction. One theory is that abnormal melanosome morphology, observed in 
LP fibroblast cultures, results in a death of melanocytes, leading to regions lacking 
pigmentation at birth, as well as a progressive roaning through life (Bellone et al. 
2013). One depigmentation phenotype in zebrafish, caused by a mutation in trpm7, 
was shown to be the result of abnormal melanosome morphology leading ruptured 
cellular membranes and melanophore death (McNeill et al. 2007). Inhibition of 
melanin synthesis was shown to rescue the phenotype, implicating a mechanism of an 
accumulation of cytotoxic intermediates. If RFWD3 is involved in the removal of 
deformed melanosomes seen in LP horses, either directly or through downstream 
targets, alterations of its expression could lead to a much earlier melanocyte death. 
The spots of pigmentation seen in LP/lp horses could be the result of populations of 
melanocytes with sufficient functional TRPM1 to avoid cytotoxicity throughout life.
The observed 3'UTR polymorphism was not perfectly associated to the PATN1 
phenotype. It is possible that this variant is merely in close linkage to the casual 
mutation, and further study is needed to screen for additional mutations. Another 
possibility is that the difficulty in phenotyping (due to other modifying loci) may have 
led to misclassification of some horses. In this case, the polymorphism could be 
responsible for misexpression of RFWD3 during development, or for disruption of 
normal translational control through an alteration of RNA secondary structures (Jia et  
al. 2013). Structures in the 3'UTR are often targeted by proteins and miRNAs in order 
to moderate translation into proteins . As transcriptome sequencing did not generate 
markers with fine enough resolution to define haplotypes, targeted genomic re-
sequencing could be used to more thoroughly examine this region. However, given the 
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strong association signal, genotyping of the  RFWD3-3U1 (ECA3:23,658,447T>G) 
SNP could be used by breeders to identify lp/lp individuals that are likely to possess 
the PATN1 allele, as this color is a highly desirable trait in the breed.
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CHAPTER 5
SUMMARY
The field of equine genetics rapidly changed over the past decade. The first 
studies relied on information from other species, investigating candidate genes based 
on shared phenotypes (Rudolph et al. 1992, Shin et al. 1997, Metallinos et al. 1998, 
Santschi et al. 1998, Yang et al. 1998). The collaborative international horse genome 
project greatly accelerated genetics research, leading to the maps and tools that 
enabled the discovery of many more causal variants. Following completion of the 
reference genome sequence, researchers could immediately access horse-specific 
sequence information. However, gene annotation was still largely based on 
comparative genetics and computational predictions. The rise of the field of genomics 
resulted in a similar enhancement of research in many species, allowing for the 
efficient sequencing of the entire genetic material of an individual, with or without a 
reference sequence. In human clinical genetics, whole exome sequencing (the coding 
portions of the genome) is becoming increasingly common as a diagnostic tool, 
producing putative causal variants without the need for genetic mapping (Rabbani et  
al. 2014). A recent study applied a similar analysis in the horse, employing whole-
genome sequencing and screening mutations for coding variants (Towers et al. 2013). 
The incorporation of these newer technologies is essential for the future of equine 
genetics.
The work presented in this dissertation is an extension of this goal, applying 
novel methodologies to the genetics of the horse. In Chapter Two, the Illumina SNP 
array was used to diagnose several chromosomal abnormalities. Microarray analysis is 
becoming increasingly common in humans, providing an important tool for the 
diagnosis of congenital anomalies and developmental delays (Henderson et al. 2014). 
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Traditional methods such as FISH work well for identifying issues with the larger 
chromosomes and translocations, but rely on cell culture and thus high quality tissue 
samples. One advantage of the SNP array is the testing of tens of thousands of markers 
simultaneously, providing a comprehensive genome-wide view of the amount of DNA 
present. In one case, a mosaic trisomy was detected in a sample of 70% standard 
karyotype. A second case possessed a small deletion (1 Mbp) that was validated in a 
parent-offspring pair. More significantly, suitable material for cell culture (and thus 
FISH) was not available from two cases, yet a diagnosis was still possible from DNA 
extracted from blood and hair. Although the discontinuation of the Illumina arrays 
signifies the temporary loss of this technique for the horse (as the Affymetrix array 
cannot be used in the same manner, although the creation of a custom array is a 
possibility), this research demonstrates proof of concept for other domestic species. 
Chapter Three presents the use of a de novo transcriptome assembly to describe 
a unique tissue and produce valuable annotation for future research. As most gene 
expression studies in the horse utilize quantitative PCR to assess known targets, proper 
annotation of gene models is crucial. Similarly, gene expression is generally tissue-
specific, so it is critical to know which isoforms are appropriate to measure. The de 
novo assembly of lamellar tissue meets both of these needs, and thus provides an 
invaluable resource for laminitis research. Additionally, SNPs were called for each of 
the three sequenced horses and submitted to public databases, increasing the existing 
database of genomic variation. Currently, there is an effort in the equine genetics 
community to produce a resource of normal variation, as the NCBI dbSNP resource is 
generally under-utilized by livestock researchers. Limited funding for non-traditional 
research species often leads to smaller sample sizes in association studies. A variation 
catalog like this will allow rapid filtering of putative causal mutations from candidate 
loci, especially in next-generation sequencing datasets. While whole exome 
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sequencing provides a more economical view of coding regions, it requires proper 
gene annotation in order to design a capture array. RNA-seq is able to bypass this 
limitation, and although not all genes will be expressed, the enrichment for coding 
regions is still beneficial for future work.
Chapter Four demonstrates this concept by using RNA-seq to assist in mapping 
a trait. Linkage mapping previously identified a 16 Mbp region on a single 
chromosome, so a full genome-wide association study was unnecessary, but genome 
capture for variant identification was not practical. Also, as shown by the failure of 
targeted resequencing to detect the mutation responsible for LP, this method can be 
limited by the reference genome sequence (Bellone et al. 2010). The use of RNA-seq 
in a small number of samples enabled screening genes for variation only observed in 
the single case sequence, which aided in the development of two fine-mapping SNP 
arrays. A single SNP was strongly associated with the PATN1 phenotype, and although 
it may not represent the casual variant, it can immediately be utilized by breeders for 
testing purposes. In several breeds, PATN1 produces a highly valued coat color. 
However, this color is only seen in individuals that also possess at least one LP allele. 
With the ability to use this DNA based test to screen non-LP horses for the valued 
PATN1 allele, breeders can identify otherwise overlooked offspring that may have 
value in improving the spotting patterns produced in their programs. As exome 
sequencing is not currently in common use (with only two publications in domestic 
animals indexed in PubMed), RNA-seq represents a viable alternative when capture 
arrays are not available (Ahonen et al. 2013, Cosart et al. 2011). 
In non-traditional and non-model organisms, available genetic resources are 
frequently poor or non-existent. The domestic horse is fortunate to have such a wealth 
of tools available. However, amongst the other equids, these may not be sufficient, as 
there has been rapid karyotypic evolution throughout the family (Trifonov et al. 2008). 
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With the cost of sequencing sharply falling (Illumina having announced they can 
produce a human genome for $1000 in January of 2014), genomics approaches are 
becoming a possibility for research in all species. Similar to what has been discussed 
in this dissertation, RNA-seq has been used in other species for variant discovery and 
annotation generation (Gao et al. 2013, Gui et al. 2013, Liu et al. 2013, Christensen 
and Anistoroaei 2014). Variant discovery from RNA-seq has also been used for 
population genomics, generating diversity statistics from samples of pooled 
individuals without the need of a reference genome (Gayral et al. 2013, Zavodna et al. 
2013). Next generation sequencing can also be applied to protect rare and endangered 
species. In one application, elicit material from endangered species was identified by 
DNA sequences found within traditional Chinese medicine products, indicating illegal 
poaching and violation of trade policies (Coghlan et al. 2012, Lammers et al. 2014).
This dissertation follows this trend, applying various technologies to provide 
resources for all equine professionals, from clinicians to researchers to breeders. 
Future research will hopefully incorporate these outputs to provide further tools for the 
health of the horse, whether it be through genetic testing or the development of novel 
biomarkers or drugs for laminitis. Although the immediate benefit is to the domestic 
horse, these same methods can be applied to aide other species. 
108
REFERENCES
Ahonen SJ, Arumilli M, Lohi H (2013) A CNGB1 frameshift mutation in Papillon and 
Phalène dogs with progressive retinal atrophy. PLoS One 8: e72122. 
Bellone RR, Forsyth G, Leeb T, Archer S, Sigurdsson S, Imsland F, Mauceli E, 
Engensteiner M, Bailey E, Sandmeyer L, Grahn B, Lindblad-Toh K, Wade CM 
(2010) Fine-mapping and mutation analysis of TRPM1: a candidate gene for 
leopard complex (LP) spotting and congenital stationary night blindness in 
horses. Brief Funct Genomics 9: 193-207. 
Bellone RR, Holl H, Setaluri V, Devi S, Maddodi N, Archer S, Sandmeyer L, Ludwig 
A, Foerster D, Pruvost M, Reissmann M, Bortfeldt R, Adelson DL, Lim SL, 
Nelson J, Haase B, Engensteiner M, Leeb T, Forsyth G, Mienaltowski MJ, 
Mahadevan P, Hofreiter M, Paijmans JL, Gonzalez-Fortes G, Grahn B, Brooks 
SA (2013) Evidence for a retroviral insertion in TRPM1 as the cause of 
congenital stationary night blindness and leopard complex spotting in the horse. 
PLoS One 8: e78280.
Christensen K, Anistoroaei R (2014) An American mink (Neovison vison) 
transcriptome. Anim Genet 45: 301-303. 
Coghlan ML, Haile J, Houston J, Murray DC, White NE, Moolhuijzen P, Bellgard MI, 
Bunce M (2012) Deep sequencing of plant and animal DNA contained within 
traditional Chinese medicines reveals legality issues and health safety concerns. 
PLoS Genet 8: e1002657. 
Cosart T, Beja-Pereira A, Chen S, Ng SB, Shendure J, Luikart G (2011) Exome-wide 
DNA capture and next generation sequencing in domestic and wild species. 
BMC Genomics 12: 347. 
109
Gao X, Han J, Lu Z, Li Y, He C (2013) De novo assembly and characterization of 
spotted seal Phoca largha transcriptome using Illumina paired-end sequencing. 
Comp Biochem Physiol Part D Genomics Proteomics 8: 103-110.
Gayral P, Melo-Ferreira J, Glémin S, Bierne N, Carneiro M, Nabholz B, Lourenco JM, 
Alves PC, Ballenghien M, Faivre N, Belkhir K, Cahais V, Loire E, Bernard A, 
Galtier N (2013) Reference-free population genomics from next-generation 
transcriptome data and the vertebrate-invertebrate gap. PLoS Genet 9: 
e1003457. 
Gui D, Jia K, Xia J, Yang L, Chen J, Wu Y, Yi M (2013) De novo assembly of the 
Indo-Pacific humpback dolphin leucocyte transcriptome to identify putative 
genes involved in the aquatic adaptation and immune response. PLoS One 8: 
e72417. 
Henderson LB, Applegate CD, Wohler E, Sheridan MB, Hoover-Fong J, Batista DA 
(2014) The impact of chromosomal microarray on clinical management: a 
retrospective analysis. Genet Med 2014 Mar 13. 
Lammers Y, Peelen T, Vos RA, Gravendeel B (2014) The HTS barcode checker 
pipeline, a tool for automated detection of illegally traded species from high-
throughput sequencing data. BMC Bioinformatics 15: 44. 
Liu H, Wang T, Wang J, Quan F, Zhang Y (2013) Characterization of Liaoning 
cashmere goat transcriptome: sequencing, de novo assembly, functional 
annotation and comparative analysis. PLoS One 8: e77062. 
Metallinos DL, Bowling AT, Rine J (1998) A missense mutation in the endothelin-B 
receptor gene is associated with Lethal White Foal Syndrome: an equine version 
of Hirschsprung disease. Mamm Genome 9: 426-431.
Rabbani B, Tekin M, Mahdieh N (2014) The promise of whole-exome sequencing in 
medical genetics. J Hum Genet 59: 5-15. 
110
Rudolph JA, Spier SJ, Byrns G, Rojas CV, Bernoco D, Hoffman EP (1992) Periodic 
paralysis in quarter horses: a sodium channel mutation disseminated by selective 
breeding. Nat Genet 2: 144-147.
Santschi EM, Purdy AK, Valberg SJ, Vrotsos PD, Kaese H, Mickelson JR (1998) 
Endothelin receptor B polymorphism associated with lethal white foal syndrome 
in horses. Mamm Genome 9: 306-309.
Shin EK, Perryman LE, Meek K (1997) A kinase-negative mutation of DNA-PK(CS) 
in equine SCID results in defective coding and signal joint formation. J 
Immunol 158: 3565-3569.
Towers RE, Murgiano L, Millar DS, Glen E, Topf A, Jagannathan V, Drögemüller C, 
Goodship JA, Clarke AJ, Leeb T (2013) A nonsense mutation in the IKBKG 
gene in mares with incontinentia pigmenti. PLoS One 8: e81625. 
Trifonov VA, Stanyon R, Nesterenko AI, Fu B, Perelman PL, O'Brien PC, Stone G, 
Rubtsova NV, Houck ML, Robinson TJ, Ferguson-Smith MA, Dobigny G, 
Graphodatsky AS, Yang F (2008) Multidirectional cross-species painting 
illuminates the history of karyotypic evolution in Perissodactyla. Chromosome 
Res 16: 89-107. 
Wade CM, Giulotto E, Sigurdsson S, Zoli M, Gnerre S, Imsland F, Lear TL, Adelson 
DL, Bailey E, Bellone RR, Blöcker H, Distl O, Edgar RC, Garber M, Leeb T, 
Mauceli E, MacLeod JN, Penedo MC, Raison JM, Sharpe T, Vogel J, Andersson 
L, Antczak DF, Biagi T, Binns MM, Chowdhary BP, Coleman SJ, Della Valle G, 
Fryc S, Guérin G, Hasegawa T, Hill EW, Jurka J, Kiialainen A, Lindgren G, Liu 
J, Magnani E, Mickelson JR, Murray J, Nergadze SG, Onofrio R, Pedroni S, 
Piras MF, Raudsepp T, Rocchi M, Røed KH, Ryder OA, Searle S, Skow L, 
Swinburne JE, Syvänen AC, Tozaki T, Valberg SJ, Vaudin M, White JR, Zody 
MC; Broad Institute Genome Sequencing Platform; Broad Institute Whole 
111
Genome Assembly Team, Lander ES, Lindblad-Toh K (2009) Genome 
sequence, comparative analysis, and population genetics of the domestic horse. 
Science 326:865-867.
Yang GC, Croaker D, Zhang AL, Manglick P, Cartmill T, Cass D (1998) A 
dinucleotide mutation in the endothelin-B receptor gene is associated with lethal 
white foal syndrome (LWFS); a horse variant of Hirschsprung disease. Hum 
Mol Genet 7: 1047-1052.
Zavodna M, Grueber CE, Gemmell NJ (2013) Parallel tagged next-generation 
sequencing on pooled samples - a new approach for population genetics in 
ecology and conservation. PLoS One 8: e61471. 
112
